Summary &mdash; In this paper we present and discuss a number of experimental results collected from varied and complementary approaches, all aimed at a better understanding of how complex food odour mixtures are processed and discriminated in the bee's olfactory system, and used finally as a flower species-specific signal for foraging behaviour. Several levels have been considered, from developmental and behavioural to neural correlates, including theoretical modelling aspects. We show how the study of this problem, which is exceedingly difficult when considered at the neural level alone, is clarified from being placed in the context of natural environmental conditions, especially with respect to the chemical composition of the flower scent and the related conditioned behavioural responses. In such a framework, the antennal lobe neurones and glomeruli have been subject to intense scrutiny, in terms of morphology, connectivity and response profiles. The data collected so far underline the important role of the antennal lobe in odour decoding. olfaction / odour discrimination / information processing / antennal lobe / ontogenesis / behavioural plasticity INTRODUCTION 
INTRODUCTION
The search for the neural mechanisms of behavioural plasticity and adaptation constitutes a particularly fascinating field in neurobiology. In many animal species, crucial behaviours for survival are largely dependent on olfactory cues spread over the lifespan; these provide interesting possibilities for studying neurobehavioural plasticity. Here, olfaction of the honeybee Apis mellifera L constitutes a particularly appealing biological model system, allowing complementary approaches at different levels of organisation, including the developmental aspects, and taking into account the cellular level in a close relationship with the whole organism and its behaviour (fig 1) . Thus, from their brood cell life to their adult free-flying phase, honeybees are successively and complementarily subjected to a number of different olfactory cues, whose sources more or less overlap in their immediate surroundings (eg chemicals emitted from brood, nestmates, stored food, floral sources).
Over its lifetime, the honeybee is actually faced with olfactory surroundings which increase in complexity and spread over an ever larger spatial range. Simultaneously, the relative ratio between intraspecific (eg pheromones) and interspecific (eg food odours) semiochemicals evolves with ageing: thus, during its embryonic and postembryonic development, which takes place in the brood cell, the honeybee is closely surrounded by a qualitatively and quantitatively limited and stable (predictable) , odorous environment mainly comprised of species-specific chemicals. Then, after emergence, the adult is first exposed to the hive odours including nestmate odours (eg queen pheromones), and food odours (eg stored nectars and pollens). Finally, after its first orientation flight, the honeybee is subjected to a huge variety of odour signals, among which multiple, complex and unstable (unpredictable) flower aromas constitute the majority, although particular pheromones still control a number of behavioural sequences.
Honeybee foraging behaviour relies on both an individual learning process of flower-specific signals which occurs at the food source, and a communication process between congeners in the hive (von Frisch, 1967; Wenner and Johnson, 1967; Masson, 1983 Masson, , 1988 ). Individual learning is based on an associative conditioning in which the plant chemical signals appear as especially efficient, and enable the bee to identify the plant as a whole entity after only one odour-reward association (von Frisch, 1967; Kolterman, 1973;  Masson, 1983; Menzel, 1985;  Pham-Delègue and . Natural plant odours are complex volatile mixtures in which components may fluctuate qualitatively and quantitatively (Etievant et al, 1984; Sinclair, 1984) . Nevertheless, worker honeybees are capable of accurately foraging the same plant species, regardless of the changes which occur in its aromatic pattern (Pham-Delègue et al, 1989) . This suggests generalisation abilities and mechanisms leading to discrimination of the behaviourally relevant stimulus in the midst of a complex and partially unpredictable odorous environment.
Much attention has been focused on the neurobiological processes underlying learning and the formation of memory in honeybees (Mauelshagen, 1990; Mauelshagen and Greggers, 1993; Menzel, 1993) . In this context, the study of the neural correlates of odour learning and memory have led to the proposal that both the antennal lobe of the deutocerebrum and the mushroom bodies of the protocerebrum are implicated (Menzel et al, 1974; Erber, 1981) . The specific associative components of the olfactory memory trace appear to be essentially localised in the mushroom bodies, the antennal lobes being the location of the non-associative memory. In addition, nonassociative and associative memory components might be separated into 2 parallel structures (Menzel et al, 1991) .
Unfortunately Masson, 1987; Fonta et al, 1989; Gascuel and Masson, 1991 a, b; Sun, 1991; Sun et al, 1993; Nicolas et al, 1993) , and a formal model based on these results had been built (Kerszberg and Masson, 1990, 1993; Masson and Kerszberg, 1991) . Simultaneously, the developing system has been investigated (Arnold and Masson, 1983; Arnold, 1984, 1987; Gascuel and Masson, 1991 c; Gascuel et al, 1991) , aiming in particular at an evaluation of the respective roles of genetic and epigenetic factors both in neural events (Gascuel and Masson, 1987, 1991c; Masson and Arnold, 1987) and behaviour (Pham-Delègue et al, 1990b , 1991b (Loper et al, 1974; Waller et al, 1974; Robacker et al, 1982) have (Pham-Delègue et al, 1992 .
In sunflower, hybrid seed production is strictly dependent on the transport of pollen by honeybees from the male parent to the male-sterile (female) parent (Radford and Rhodes, 1978; Parker, 1981) . Field observations indicate that foragers might exhibit preferences between parent genotypes (Freund and Furgala, 1982) . Although such behaviour may compromise optimal hybrid seed yield, interestingly, it might be especially useful to decipher the parameters responsible for such behavioural selectivity.
On this crop, although foraging preferences appeared to be dependent upon food availability and quality, nectar being the key factor (Fonta et al, 1985; PhamDelègue et al, 1985 PhamDelègue et al, , 1991a , honeybees were shown to discriminate the preferred genotype at a long-range distance (PhamDelègue et al, 1985) . This suggests that long range recognition among genotypes might be based upon differences in aromatic patterns. Plant volatiles possibly involved in foraging preferences were therefore studied (Etievant et al, 1984; PhamDelègue et al, 1986 PhamDelègue et al, , 1989 PhamDelègue et al, , 1990a Parallel works using the GC-EAG method with sunflower extracts as stimulus (Thiery et al, 1990) Smith, 1987 Smith, , 1991 . Considering the qualitative aspects and those aspects related to the stimulus intensity, all other available data refer to the recognition of pure odorants, often not even a part of the natural environment of the honeybees (von Frisch, 1919; Schwartz, 1955; Koltermann, 1969; Vareschi, 1971; Kramer, 1976; Marfaing et al, 1989) . In order to investigate the mechanisms underlying mixture recognition, we have conducted experiments using the conditioning proboscis extension response as a bioassay (Pham-Delègue et al, 1992) . As conditioning and testing stimulus, a set of components previously identified as being oilseed rape floral volatiles (Blight et al, 1992) were used, presented either individually or in a synthetic mixture (PhamDelègue et al, 1993) .
In this manner, qualitative and quantitative discrimination versus generalisation abilities of honeybees among odour mixtures was investigated. On a qualitative level, the results were consistent with the previous data (Pham-Delegue et al, 1986) suggesting that (1971) . Consistently, Smith (1991) found that the response to an odourant after conditioning was not always specific to the conditioned odourant.
On the intensity level, a conditioning threshold has been established below which a reliable conditioning cannot be obtained. This had already been mentioned for different odorants in free-flying bees (Waller et al, 1974; , and for the proboscis extension conditioning (Vareschi, 1971) . Moreover, recognition thresholds, ie, a range of concentrations higher or lower than that previously experienced allowing the recognition of the conditioning stimulus were found. Interestingly, at this behavioural level variations in generalisation abilities have been observed at the qualitative (Koltermann, 1973; Getz and Smith, 1987; Smith and Menzel, 1989; Smith, 1991) , and also at the quantitative level (Getz and Smith, 1991) . The chemical structure of the odour components used is nevertheless often incriminated (Smith and Menzel, 1989; Getz and Smith, 1991; Smith, 1991) , as extensively discussed by Smith (1991) ; a number of other parameters might also affect the responses, such as the genetic origin of the individuals tested (Koltermann, 1973) Masson, 1977; Erber et al, 1980; Erber, 1981; Menzel, 1983; Getz and Chapman, 1991 (Lacher, 1964; Vareschi, 1971; Akers and Getz, 1992) . As a consequence, the way in which odours are encoded, especially the manner in which the peripheral system discriminates between related olfactory stimuli, remains to be clarified (Getz and Akers, 1993) . Nevertheless, in the honeybee, as postulated elsewhere (Selzer, 1981) (Flanagan and Mercer, 1989a; Fonta et al, 1989 Fonta et al, , 1991 , and output (Homberg, 1984; Fonta et al, 1989 Fonta et al, , 1991 (Pareto, 1972; Mobbs, 1982 , Arnold et al, 1985 Flanagan and Mercer, 1989a, b; Fonta et al, 1989; Vareschi, 1971) , and to the artificial mixtures they may compose (Sun, 1991; Sun et al, 1993; Fonta et al, 1993 Meredith, 1986; Kauer, 1987 (Erber, 1981; Menzel, 1983; Mauelshagen, 1990 Mauelshagen, , 1993 , axons of the uniglomerular output neurones are only restricted to the median tract of the antenno-glomerular tract (AGT) (Mobbs, 1982; Arnold et al, 1985) , and project only to the mushroom bodies and lateral lobe of the protocerebrum. By contrast, axons of the delocalized output neurones are distributed among several of the AGT tracts; they project to various protocerebral structures, and even to the contralateral antennal lobe (Fonta et al, 1993) .
These results indicate that a certain degree of topological differentiation might occur in the transfer of some particular odour features from the antennal lobe to the mushroom bodies.
In the hope of correlating the temporal and cellular aspects of odour decoding to its spatial and glomerular aspect, the 2DG method (Sokoloff et al, 1977) , which has proven a fruitful tool for localising patterns of activity in the olfactory bulb of various mammals (Stewart et al, 1979; Jourdan et al, 1980; Royet et al, 1987; Hudson and Distel 1988) , in the antennal lobe of Drosophila (Rodrigues and Büchner, 1984; Rodrigues, 1988) , and in homologous olfactory sub-structures in a mollusc (Chase, 1985) , has been adapted to the honeybee, aiming at a study of the spatial distribution of odour-related processing in the antennal lobe (Arnold and Masson, 1987) . For such a challenge, the bee antennal lobe apparently appears to represent a favourable experimental model system, due to the following: i) its general anatomy (Mobbs, 1982; Arnold et al, 1985) and ultrastructural organisation (Gascuel and Masson, 1991 a) are quite well known; ii) each glomerulus represents an invariant and identifiable morphological subunit (Arnold et al, 1985) ; iii) the afferent olfactory pathway corresponding to each antenna is strongly lateralised up to the mushroom bodies (Masson, 1977; Mobbs, 1984; Arnold et al, 1985) , with only few antennal lobe contralateral fibres, which are mainly GABAimmunoreactive (Arnold et al, 1987) , allowing in the same insect the use of one antennal lobe with its corresponding antenna as the experimental reference side versus the other antennal lobe, the intact antenna of which is stimulated by the odour flow.
Unfortunately, compared to the data previously reported for other olfactory systems, those so far collected in the honeybee at first proved to be confusing, and it was difficult to make a direct interpretation in terms of odour processing and related odour-patterns of activity through 2DG uptake estimates. One major problem was the high background labelling which characterises the whole antennal lobe in the absence of any particular odour stimulation. So, the activity induced by the application of the odour stimulus to the ipsilateral antenna must be estimated very carefully against a strong noise source, both in terms of topology and intensity level. Nevertheless, the development of a precise and well adapted method for data analysis has recently led to the establishment of a number of general rules governing 2DG uptake in the antennal lobe independent of the nature of the stimulus (Nicolas et al, 1993, unpublished observations (Menzel et al, 1974; Erber, 1981 (Panov, 1961; Masson and Arnold, 1987) .
The developing antennal afferent pathway has been investigated by light microscopy (Arnold and Masson 1983; Arnold 1984, 1987) , and transmission electron microscopy (Gascuel and Masson, 1991c) . The main results are briefly reported below.
From the 1st d (E-9) to the 3rd d (E-7) of the pupal period, the main antennal sensory bundles reach the antennal lobe, the first glomeruli-like structures, the socalled pre-glomeruli, appear (compared to adult glomeruli they are smaller and without the cortical layer). Concomitantly, a group of AGT fibres is visible and can be followed into the upper brain areas, particularly the mushroom bodies. Between E-7 and E-4 AGT is built up, whereas the number of pre-glomeruli increases progressively. Three d before emergence (E-3), light microscopy data show that the glomerular organisation of the antennal lobe appears morphologically adult-like (4 populations of glomeruli and their related sensory tracts, parameters characteristic of adult glomeruli, such as their respective shape, volume and cortical layer). By contrast, at the ultrastructural level, the antennal lobe is still immature and characterised by a low synapse frequency. Moreover, the large intercellular spaces which are observed at the level of the afferent tracts in the glomeruli and in the coarse neuropile strongly suggest that the neurites are still growing. However, the glial processes already delineate the glomeruli. Ultrastructurally, only 1 d before emergence (E-1), the entire neuropile has an adult appearance.
Interestingly, it has been shown that a significant synaptic rearrangement occurs in the glomeruli, whereas simultaneously the functional maturation of the sensory neurones is evidenced. Thus, on the one hand, the synapse density increases from E-3 to E-1 and then decreases until E+3 at which time adult synapse frequency is reached. On the other hand, the receptor cells are first odour-responsive 2 d before emergence (E-2). Their sensitivity (measured by EAG) increases until the 4th d (E+4) of adult life, the response amplitude at emergence (E-0) being only 30% of the corresponding value recorded at E+4.
Consequently, regarding the antennal lobe, the development of the olfactory pathway can be subdivided into 2 complementary periods, the first lasting from E-9 to E-3 during which the setting up of the main features of the afferent antennal pathway takes place. During the second period lasting from E-2 to E+4, the maturation processes occur. During the former period, the odorous surrounding is poor (fig 1) , and the sensory neurones are still not odour-responsive; therefore, during this period the involvement of environmental factors in the ontogeny of the antennal lobe seems to be excluded, and the role of genetically controlled cell-cell interactions then appears to be dominant (Masson and Mustaparta, 1990) . By contrast, during the second period, which constitutes a transition phase between the nymphal and the adult stages, during which the odorous surroundings increase significantly (fig 1) , when the receptor cells mature, epigenetic signals could play a role in the setting up of antennal lobe connectivity. Thus, both programmed (cell-cell interactions) and non-programmed (environmental) factors certainly contribute to the organisation of antennal lobe connectivity.
In an attempt to investigate cell-cell interactions the effect of early deafferentation experiments on the developing antennal lobe was analysed. Our results clearly demonstrated the crucial role of the receptor cells. Thus, early deafferentation (at E-9) prevents the formation of the glomeruli (Gascuel and Masson 1991c), the results are consistent with the hypothesis that the glia are involved in glomerulus formation (Oland and Tolbert, 1988 (Masson and Arnold, 1984) , also result in a significant decrease in synapse frequency in the glomeruli (Gascuel and Masson, 1987) .Thus, the honeybee olfactory system appears to be extremely flexible in response to environmental changes. In the honeybee, such plasticity is not limited to the olfactory system. Very similar results have been obtained in the visual system in which chromatic deprivation in 2-wk old honeybees also induced a decrease in receptor cell sensitivity and a decrease in synapse frequency in the lamina (Hertel, 1982 (Hertel, , 1983 . Moreover, other neural correlates to environmental changes have also been reported in the mushroom body where the dendritic spine morphology seems to show rapid modifications in relation to the first orientation flights (Coss et al, 1980, Brandon and Coss, 1982) .
Behavioural level
When examining behavioural plasticity related to developmental aspects 2 approaches can be considered. One consists of studying behavioural maturation processes, which allows genetically-based response changes with age to be shown. The other approach relies on the evaluation of the flexibility of predetermined responses according to experience, leading to the demonstration of adaptive capabilities as regards epigenetic factors. We adopted both approaches to elucidate certain elements of behavioural adaptation in the honeybee.
Under hive conditions, age polyethism of tasks has been extensively described, worker bees evolving from indoor to outdoor duties (Sakagami, 1953; Seeley, 1982) . Evidence of adaptive abilities has been found, since age specialisation in tasks among worker honeybees is largely flexible according to the amount of brood stores, or is conditioned by stress conditions (Free, 1965; Winston and Fergusson, 1985 ; Kolmes and Winston, 1988) . The age polyethism of tasks has been described not only under hive conditions, but also under laboratory conditions. Thus, olfactory conditioning of proboscis extension, according to a classical procedure described in honeybees (Takeda, 1961; Bitterman et al, 1983) , was shown to be age-dependent, worker bees of 14-16-dold performing best (Pham-Delègue et al, 1990c) . It should be noted that at this age, honeybees are supposed to be devoted to foraging duties (Kolmes, 1985) , in which their learning abilities are particularly required.
Now, referring to the retinue behaviour induced by the queen, it is known that within the hive, the former is exhibited especially by worker honeybees of < 6-d old (Sakagami, 1953; Allen, 1960; Seeley, 1982) . Convergent data have been obtained with known-age honeybees tested in cages (Pham-Delègue et al, 1982) , or in an airflow olfactometer (Pham-Delègue et al, 1991b using either a natural queen extract or a synthetic queen mixture found to be active in eliciting retinue behaviour (Slessor et al, 1988 (Robinson, 1987 
